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1. troduction

Recently, a measurement of the rate of the reaction between O(}vP) and |
H’i’(v = 1) has appeared in the literature,* and an upper limit to the rate of
Ol-l'(v =1) + H‘E (v = 0) has been given.e

These reports are beginning to chara

rize the effects of vibrational
energy in the diatomic n.olecules of the Hzl 0z ystem. This work extends

this beginning by reporting upper limits to the reaction rates for two reactions:

ou(v=0)+1-:z"(v=1)——nzo+n (1)
and

onf(v = 1) +Hz*(v= 1) = H,0+H (2) ;

II, Eg_:ne riment

The experimental apparatus has been fully described elsewhere. tad

Briefly, the measurements were obtained in a laboratory flow tube apparatus

at a total pressure of 3 Torr consisting of equal parts N, and H, at a temper-

‘ature of 298 K. Vibrationally excited hydroxyl was produced entirely by

reaction (3)

oC’p) + B} (v = 1) — OHl(v = 1) + H 3)

Vibrational ground state hydroxyl was produced predominantly by physical
quenching of OH*(V = 1). At lower concentrations of Hz*(v = 1) there were
minor contributions from reaction (4),

0(3P)+H2 (v=0) — OH (v = 0) + H (4)

Atomic oxygen was produced by reaction (5), for which the N atoms were
provided by a microwave discharge in NZ

N + NO — o(’p) + N, (5)

T
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The flow rate of nitric oxide was adjusted so that operation at the visible
titration end point was achieved. Vibrationally excited hydrogen* was
generated by the flow of hydrogen over a heated tungsten filament. The
density of HZ* was determined from spectral absorption measurements in the
Lyman band system of hydrogen. Hydroxyl densities were deduced from
laser induced fluorescence (LIF) in the (Az}:‘, —_ XZII ) system of OH, Mea-
surements were conducted under conditions where energy transfer 1,3 from
active nitrogen to form Hz* was a negligible process in comparison with the
formation of Hz* on the heated filament.

The primary independent variable in these measurements was the density
of Hz* . This was varied by changing the temperature of the tungsten heating

element.

III. Results and Analysis
Fig. 1 shows data for the dependence of OH and OH*
It is seen that the density of OH is first order in [H *] at the larger values

of [H *] but tends toward zeroth order as [ H 1{] decreases. The OH at low
¥

densities on [H ]

values of [ HZ ] comes from reaction (4)., The density of OH' behaves oppos-
itely, being essentially first order in [ H =|r] at low values but tending toward
zeroth order at higher values. The kmeucs of this system have been modelled
using a computer code tc integrate the rate equations. Individual vibrational
levels of OH*(V < 3) and Hz* were treated as separate entities with generation
and removal processes individually specified. Analysis of the computer results
showed the densities of OH and oH' to be steady state with the most important
loss processes for which rate constants or limits are available as follows; for

OH:

*Hereinaiter, the symbols Hz*(v = 1) and OH*(v = 1) will be simplified to Hz*
and OHt respectively unless otherwise specified. The symbols H, and

OH shall denote the vibrational ground state species only.
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reactions of interest, i.e., (1) and (2), contribute significantly, The import-

©+OH——=0, +H (6)

H, + OH H,0 + H (n
and for OH*:
* _~O+OH (8a)
O+ OH
s 0, +H (8b)
/Hg + OH (9a) |
H, + OH1r 1
\HZO + H (9b) 3
H+OH H + OH (10)

In addition, of course, it is necessary to consider the possibility that the

ant generation processes for OH were all found to be physical deactivation of
OH*. These are (8a), (9a), and (10). For OH*. the important sowr ce terms
are reactions (3) and (-9a). ]

Using the reaction scheme outlined one can form the steady state expres- :
sions for the densities of OH and OH* Taking logarithms and differentiating
with respect to[H ]. expresuons (a) and (b) for the slopes of plots of log
[OH(v)] versus log [H ]are derived,

.
d(log(OHN)_ 1 _ _( K, + Ky, (olH)/a(8)) ) (a) i
a'(rgIH'ﬂ)'og ” RglOV (1] * Fole N +110[HWH—;? K, |
d(log(OH) _ = _ ¥,
°g 2])—
1o 2H)/a (1] K
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The partial differential ( 3[H] /a[Hz*]) appears in brth expressions and
requires some explanation. [H] will depend on [H;] in two ways; first,
directly as a result of reaction (3) followed by (6) through (10), and secondly,
in an indirect way, since HZ is thermally partially dissociated in contact
with the heated tungsten filament. Analysis has shown that for large [H;]
the second source of H atoms is considerably more important than the first
if one assumes that both H and Hz* are present in amounts determined by
equilibrium at the filament temperatures. Because of this and because the
density of H is not measured in these experiments it is only possible to
deduce upper limits to the rate constants kl and kz.

The analysis proceeds by determining experimental values of m and m'
from the data in Fig. 1 at the maximum value of [H;] where data were
obtained. These values of m and m*are then used in expressions (a) and (b)
to find mutually consistent sets of values for [H], 3 [H] /a[HZ?] , and the
unknown rate constants kl' k,, k9a and k%. These unknown values were
allowed to vary throughout their respective ranges of uncertainty. It was
found that there were certain values of kl aad k2 which could never be
exceeded irrespective of the values assigned to the other uncertain quantities
in expressions (a) and (b). These values of kl and kz are necessarily upper
limits and are the values reported herein.

In this analysis values for [H]and 3 [H]/8[ Hz*] were allowed to vary from
zero upwards to the values dictated by thermal equilibrium at the filament
temperature. However, the ratio of the terms was constrained by expression
(c), which is a consequence only of the assumption of thermochemical equil-
ibrium irrespective of temperature.

$. _ (aH) [ [H] ,
a[HJ/a[HZ] = -Z_CJT)- 'ﬁm— (c)
where ( AH)y is the heat of reaction for dissociation of Hz and Gc> (1) is the
energy of the first vibrational state of HZ above that of the ground state.
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The value of k9a was allowec(!zt)o vary between zero and the ugper limit
reported by Spencer et. al., '’ i,e., k9 = k9 + k9bs 6 x10° cc/mole-sec.
In the case of k9b however, it was felt that the minimum value should be

that of the fully ground state reaction, (7), since vibrational excitation is
unlikely to decrease that value. At room temperature, k =3,6 x 109 which
is not too different from the upper limit to k9 For purposes of this analysis
therefore, gp Was assuned to be fixed at 6 x 109. Values for k, and k2 were
constrained only to be positive numbers.,

From Fig. 1 we obtain m' = 0.60, and m 2 0. 8, for [Hz] = 4x10"0 snd
3x10° e moles/cc, respectively, Consistent with these values of m and m'
the largest value of kz which permits a posltwe value of k, for all possible
values of [H], 8 [H]/3[H *] , and k9a is: < 6.2 x 10 cc/mole-sec.
Likewise, the largest value of k1 whlch perrmts a positive value of k for all

possible values of [H], 8 [H]/ 9| H, ]and k9 is: k) =3,5x 102 cc/mole-sec.

IV, stcussm_x_x_

In the above analysis reaction of OH and deactivation and reaction of
OH' at the wall are negligible processes. The time constants for homogeneous
gas phase removal of OHis, T < 1.6 x 10™> sec and of oH' is .T*s 2.4x10°? sec.
These are much faster processes than removal at the wall which has been
measured by Spencer and Glass4 with a fluorocarbon wax such as used in the

present experiments. Also, the homogeneous reaction (11) has been ignored
in the above analysis.,

ox-:*(v=1)+H2*(v=1)—-»0H*(v=2)+H2 (v = 0) (11)

It is similar to reaction (-9a) except that the vibrational energy exchange is

further from resonance for (11) than it is for (-9a). Using the upper limit2

for k9a and the principle of microscopic reversibility it is necessary that

k(-9a) < 10!l cc/mole-sec.
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It is not likely that reaction (11) would be greatly faster than this and so it

is reasonable to ignore it in the above analysis,

i The effect of vibrational excitation in OH cn the reaction with Hz was
found by Spencer et. al. é to be minor, such that (k9a + k9b)/k7 <1.7. We
have not been able to measure or find lower limits for the effect of vibrational
excitation in !-IZ on this reaction. It seems likely that this reaction proceeds
by breaking of the H, bond rather than of the OH bond since the latter course
requires the insertion of O between H atoms in order to form water. If this
is true one would expect that vibrational energy in hydrogen would be much

{
|
i
§

more effective in promoting the reaction than would vibrational energy in OH,

The results reported here and by Spencer et. al. are at least consistent with

this view.

Our results indicate that k, /k, < 1000 and that k,/k, <1800 at T = 298 K.,
Thus, there is room still for appreciable acceleration of the reaction by one
quantum of vibrational energy in I-I2 or by one quantum in both OH and HZ'

. . Zellner? has determined a Preliminary result of kl ~(3.6+1.8) x loucc/mole-
sec, corresponding to an increase of roughly a factor of 100 over the ground
state reaction. This result is consistent with our upper limits and wi th the
view sketched above.

From the upper limits for k, and k, reported here and from the upper
limit for k9b it is clear that one quantum of vibrational energy in either OH

or in H2 or in both simultaneously is not as effective in promoting the reaction
as is the same specific ene rgy equipartitioned between all modes of both

L reactants,

il
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THE IVAN A. GETTING LABORATORIES

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military concepts and systems. Ver-
satility and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encountered in the nation's rapidly
developing, space and missile systems. Expertise in the latest scientific devel-
opments is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research are:

Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-
fer, reentry physics, chemical kinetics, structural mechanics, flight dynamics,
atmospheric pollution, and high-power gas lasers.

Chemistry and Physics Laboratory: Atmospheric reactions and atmos-
pheric optics, ci;emica reactions in poﬁuted atmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
laser-induced reactions, laser chemistry, propulsion chemistry, space vacuum
and radiation effects on materials, lubrication and surface phenomena, photo-

sensitive materials and sensors, high precision laser ranging, and the appli-
cation of physics and chemistry to problems of law enforcement and biomedicine.

Electronics Research Laboratory: Electromagnetic theory, devices, and
propagation pEenomena. including plasma electromagnetics; quantum electronics,
lasers, and electro-optics; communication sciences, applied electronics, semi-
conducting, superconducting, and crystal device physics, optical and acoustical

imaging; atmospheric pollution; millimeter wave and far-infrared technology.

Materials Sciences Laboratory: Development of new materials; metal
matrix composites and new forms o’ carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in
nuclear pons envir t; application of fracture mechanics to stress cor-

rosion and fatigue-induced fractures in structural metals.

Space Sciences Laboratory: Atmospheric and ionospheric physics, radia-
tion from the atmosphere, density and composition of the atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation
of plasma waves in the magnetosphere; solar physics, studies of solar magnetic
fields; space astronomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the earth's atmosphere, ionospher., and
magnetosphere; the effects of optical, electromagnetic, and particulate radia-
tions in space on space systems.
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El Segundo, California
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